The mitochondria-rich (mr) cell of amphibian skin epithelium is differentiated as a highly specialised pathway for passive transepithelial transport of chloride. The apical membrane of mr cells expresses several types of Cl À channels, of which the function of only two types has been studied in detail. (i) One type of channel is gated by voltage and external chloride concentration. This intriguing type of regulation leads to opening of channels only if [Cl À ] o is in the millimolar range and if the electrical potential is of a polarity that secures an inwardly directed net flux of this ion. Reversible voltage activations of the conductance proceed with long time constants, which depend on V in such a way that the rate of conductance activation increases when V is clamped at more negative values (serosal bath grounded). The gating seems to involve processes that are dependent on F-actin localised in the submembrane domain in the neck region of the flask-shaped mr cell. (ii) The other identified Cl À pathway of mr cells is mediated by small-conductance apical CFTR chloride channels as concluded from its activation via hadrenergic receptors, ion selectivity, genistein stimulation and inhibition by glibenclamide. bbCFTR has been cloned, and immunostaining has shown that the gene product is selectively expressed in mr cells. There is cross-talk between the two pathways in the sense that activation of the conductance of the mr cell by voltage clamping excludes activation via receptor occupation, and vice versa. The mechanism of this cross-talk is unknown. D
Introduction
Principal cells of high-resistance epithelia like the amphibian skin [1] and the distal renal epithelia [2] are specialised for active uptake of Na + energized by a basolateral Na/K-ATPase. Generally, apical Na + uptake via amiloride blockable epithelial Na + channels (ENaC) dominates the function of these epithelia [3] [4] [5] , but also a potassium secretory pathway has been disclosed in the amphibian skin [6] and in the collecting duct system [2] . Furthermore, during a body load of K + , the apical exit pathway is activated [6 -11] and in the terrestrial European toad, Bufo bufo, potassium secretion is a major function of both collecting tubules and collecting ducts [12] . In amphibian skin [13] and rat collecting duct [14] , the apical plasma membrane of principal cells does not exhibit a chloride conductance, and the intracellular chloride activity of this cell type is above electrochemical equilibrium. Obviously therefore, principal cells do not constitute the route for transepithelial uptake by electrodiffusion of Cl À that follows the active uptake of Na + . As another common feature, these epithelia are not only heterofunctional as indicated above, but also heterocellular with minority cell types interspersed among the principal cells. The minority cell type is denoted intercalated cells in the kidney [15 -17] , and mitochondriarich (mr) cells in amphibian skin [18] , urinary bladder [19] , and fish gill [20] . In distal renal epithelia, intercalated cells have been associated with the elimination of acid (A-, or acells) and base (B-, or h-cells), energized by a H-ATPase [21] , and with active uptake of K + driven by an H/K-ATPase [22] . In the amphibian skin, a type of mr cells is differentiated for selective uptake of Cl À ( Fig. 1 ), but depending on the physiology of the organism, it is likely that functions similar to those of kidney intercalated cells are expressed in subpopulations of mr cells (reviewed in Ref. [23] ). When toads are forced into negative chloride balance, the pool of mr cells of the skin increases, and the density reaches a new steady state within a few days after onset of the challenge [24, 25] . The chloride conductance of the fully differentiated mr cell becomes activated when the electrochemical gradient favours a passive net influx of Cl À [26] , and it is inactivated when the animal is in freshwater of low Cl À concentration [27] where the uptake of Cl À is active. 1 This regulation proceeds with a much shorter time constant (seconds, minutes). Another equally fast regulation of the chloride conductance of mr cells is initiated by occupation of h-adrenergic receptors [30] . The mr cell of the skin epithelium, therefore, provides an excellent experimental model for the study of cellular and molecular regulation of chloride channels of a heterocellular epithelium. In this review, we discuss Cl À channels and their regulatory mechanisms that have been associated with this cell type.
The voltage-dependent Cl
À conductance of mr cells
Macroscopic features
The polarized nature of the V-dependent mechanism is revealed by clamping the transepithelial electrical potential difference, V, to À 80 or + 80 mV from a holding potential of 0 mV (see Fig. 2A ). The sodium ions of the external bath were here substituted by potassium ions so that the major current component is carried by Cl À (I Cl ). Stepping V from 0 to À 80 mV, that is, into the physiological range of transepithelial potentials, slowly activated I Cl , from À 30 to À 80 AA/cm 2 . In contrast, following a step change of V to + 80 mV, the current deactivated. Fig. 2B shows a series of current activations obtained by stepping V from a holding potential of 50 mV to values ranging from 25 to À 100 mV. The amplitude of the activated current increased markedly with increasing negative V, while the half time, t 1/2 , of current activations decreased (Fig. 2D ). Upon returning V to the holding potential of + 50 mV, currents decayed toward their prior steady-state level. Substituting mucosal Cl À with gluconate ( Fig. 2C ) eliminated the time-dependent activations. Fig. 2E shows the steady-state currents as a function of transepithelial clamping potential. A strong degree of outward rectification characterises these currents. This rectification is manifested in the inverse S-shaped relationship between the steady-state conductance and V (Fig. 2F) showing that G Cl is maximally activated at Fig. 1 . Transmission electron microscopic pictures of mr cells from the toad (B. bufo) epidermis. The neck of the mr cell is situated between the outermost layer of sodium-transporting cells so that its apical membrane is at the same level as the sodium selective membrane (with ENaC) of principal cells. Both cell types are covered by a dead stratum corneum, which is freely permeable to electrolytes and small diffusible molecules. The mr cell is usually flask shaped (left-hand panel), but also long, slender cells are seen (right-hand panel). The cell body of mr cells containing the cell nucleus is located in the layers below the outermost living cell layer. For methods, see Ref. [53] .
V < À 80 mV. Since the large negative I Cl is carried by a net influx of Cl À , the physiological significance of this regulation is that chloride channels are activated only if the electrical driving force favours uptake of Cl À . The fully activated currents (recorded at À 100 mV) were found to be proportional to the density of mr cells (see Fig. 3 ) [13] , which confirmed the hypothesis that the mr cells are the site of the chloride shunt as originally suggested in studies of frog skin [31, 32] . Measurements of the volume response of single mr cells in situ using Kenneth Spring's method of video-enhanced quantitative microscopy added strong evidence that a component of the voltage-activated I Cl flows through mr cells in both frog and toad skin [33, 34] .
Electrophysiological studies of isolated mr cells
Subsequent whole-cell [35] and single-channel [36, 37] analyses of isolated mr cells showed that this cell type expresses Cl À channels with depolarisation-activated Cl À channels in the apical membrane (see below). However, as the fully activated membrane Cl À conductance as well as the estimated single-channel activity could not account for the macroscopic currents measured in the intact epithelium, it was hypothesised that the voltage-activated I Cl flows through an ion-selective pathway associated with tight junctions [38, 39] . We addressed this question by single-cell voltage-clamp experiments by a method originally intro- Here and in all subsequent figures, V is referenced with respect to the grounded serosal solution. (A) Transepithelial current response to step change of V from a holding value of 0 mV to + 80 and À 80 mV, and back. The about 50-Am-thick epithelium was isolated by collagenase and mounted in an Ussing chamber with Na + -Ringer's on the serosal side and K + -Ringer's on the outside. As the outer surface of the epithelium has a very low K + permeability, the transepithelial electrical conductance is governed by the permeability to Cl À [13] . Clamping of V in the physiological region (V < 0 mV) reversibly activates chloride channels, which allows Cl À to flow from the outer solution into the serosal bath. Note the dual role of the transepithelial electrical potential difference:
(i) in a polarized fashion, V gates chloride channels, and (ii) drives Cl -conductance activation decreases with decreasing V. Generally, the 'gating' is slow, with half times in the order of 10 -50 s. (E) The steady-state currents (obtained by a protocol depicted in B) are strongly rectified with large components in the physiological range of V. In this region, the current, I, is carried by an inward flow of Cl À . (F) The gating of chloride channels results in an 'inverse S-shaped' conductance -voltage relationship of the epithelium. Typically, the conductance, G, saturates in the range, À 120 < V < À 80 mV (i.e., the Cl À conductance is fully activated). The line is the best fit to the Boltzmann distribution: duced for studies of retinal rod cells [40] , in which a pipette serves as a micro-Ussing chamber [41] (see Fig. 4A ). With this method, the putative dynamic conductance of single mr cells can be studied by patch-clamp technology using a preamplifier of low feedback resistance. 2 With Ringer's solutions in both bath and pipette [41] , V P was pulsed from a holding value of + 100 to À 100 mV (Fig. 4B) . Before the voltage pulse, the holding current was 2.42 nA (V P = + 100 mV), and 'instantaneously' the current reversed to À 2.46 nA when V P was shifted to À 100 mV. This 'ohmic' current can be assumed to flow through the seal between the cell and the glass wall, that is, with a leak conductance of 24.4 nS. Subsequently, the pipette current was slowly activated, and with a half time of f 24 s, the current reached a new steady-state value of À 3.45 nA. Upon return of V P to + 100 mV, the current returned to its prepulse value (2.37 nA). A family of such currents was recorded at different V P values (Fig. 5A) . The half time of current transients of the single mr cell decreased with decreasing clamping potential (see Fig. 5B ), as is the case for the macroscopic currents in Fig.  2 . The steady-state currents obtained from a single mr cell with the leak currents subtracted are summarised in Fig. 5C . A strong outward rectification is apparent. Like the macroscopic Cl À conductance of the intact epithelium, also the single-cell conductance, G, is activated by V P along an inverse S-shaped relationship that saturates for V P c À 100 100 mV (Fig. 5D ). Table 1 collects the results of this type of experiments for comparing the estimates of the fully activated I Cl and G Cl with those obtained in previous studies using other methods. Independent of method, it is obvious that the estimated chloride currents imply that the activated mr cell displays a significant chloride conductance, and that the single-cell estimates account for the transepithelial conductance. Thus, with a G Cl of 10 -100 nS/cell (Table  1 ) and 50,000 mr cells/cm 2 [13] , the conductance of the transepithelial chloride shunt of the intact epithelium would be about 0.5 -5 mS/cm 2 , that is, a range covering measured values (cf. Fig. 2F ). Interestingly, the amplitude of the Cl À current seems affected by the superfusion of the cell with oxygenated Ringer's solution during the recording. Thus, in 16 non-perfused cells, the activated current was À 2.90 F 0.48 nA at V P = À 100 mV (exemplified in Fig.  4 ) as compared to 10 perfused cells with a steady-state activated current of À 7.99 F 1.48 nA recorded at a similar V P (exemplified in Fig. 5 ). In the two groups, the currents ranged from À 1.0 to À 7.6 nA and from À 3.3 to À 14.4 nA, respectively, with the two means not being statistically different ( P>0.36). It is noteworthy, though, that the singlecell current estimated in 'in situ studies' falls within the lower range of values of the directly recorded currents (nonperfused isolated cells, Table 1 ).
Dependence on oxidative energy metabolism
Flux-ratio analysis showed that the chloride ions flow through the voltage-activated conductance by electrodiffusion [13] . Nevertheless, soon after the voltage-sensitive chloride conductance was discovered [43] , it was observed that I Cl is strongly dependent on the energy metabolism of the epithelium [44] . This is illustrated in Fig. 6A , which shows that brief exposure to an O 2 -free solution leads to a reversible inactivation of the Cl À conductance. A similar effect is seen if the metabolic inhibitor cyanide is added to the external bath (Fig. 6B) . These results seem to imply that the activity of the Cl À channels is regulated via metabolically (ATP) dependent signalling pathways. Nagel and Katz [45] also found that addition of cyanide as well as the uncoupler of oxidative phosphorylation, dinitrophenol, inhibits the voltage-activated chloride current. However, unlike our experiments that always showed significant inhibition of the Cl À current to exposure of an O 2 -free, N 2 -equilibrated Ringer's solution (Fig. 5A ), this treatment had no effect in their experiments [45] . They suggested, therefore, that the cyanide effect is not due to inhibition of cellular energy metabolism, but reflects an anion-dependent inhibition either of the activation mechanism or the channel. Their hypothesis and ours are not mutually exclusive, and as we will discuss below, there is strong evidence that binding of anions to external bindings sites interferes with the activity of the chloride channels. 2 Isolated mr cells are prepared by trypsin or pronase treatment of the epithelium [35] . During the separation of mr cells, the preparation is bathed in nominally Ca 2 + -free solutions, but with no chelator added, which maintains sufficient enzyme activity. In the presence of Ca 2 + in the millimolar range, the voltage-activated chloride conductance of the intact tissue is inhibited by trypsin added to the serosal bath. The chloride conductance was not fully recovered after washout of the enzyme [42] .
External [Cl

À ] dependence: activation and selfinhibition
In the study leading to the two-membrane hypothesis, Koefoed-Johnsen and Ussing [46] eliminated the conductive chloride permeability by exposing the outside of the skin to a Ringer's solution in which [Cl À ] was diluted Â 100. Experiments by Kirschner [27] indicated that the passive Cl À conductance is fully downregulated at a few millimolar Cl À . In frog skin, the ranking of anions capable of keeping the anion conductance activated, Cl À >Br À HI À , is different from the ranking of the anion permeability of the activated pathway, SCN À :Br À :Cl À :I À = 1.8:1.3:1:0.8. Thus, it was suggested that an external binding site for Cl À , different from the translocation site of the activated channel, opens the channel when occupied by Cl À [47] . The concentration dependence of this process was studied in more detail in experiments with toad skin [48] . In this preparation, the voltage-activated anion currents indicated a ranking of I Cl >I Br HI I >I gluconate (Fig. 7A ). This ranking, like that of frog skin, is a measure of the regulation via putative external regulatory sites rather than a consequence of the anion selectivity of the activated conductance pathway. This point is logically inferred from 7C ). The analysis was extend to cover Br À as well, and with Ringer's solution outside and V = À 80 mV, the following ranking was obtained: P Br :P Cl :P I = 1.31 F 0.03:1:0.73 F 0.05 [48] . Thus, while the activated anion conductance exhibits weak anion selectivity (as revealed by permeability coefficients calculated from isotope fluxes, Fig. 7C ), the affinity of the regulatory binding site(s) is strongly dependent on the identity of the anion (as revealed by the current response to external anion substitutions, Fig. 7A ). The dependence of the voltage-activated chloride conductance on the external anion is somewhat more complicated. While external Cl À in the range 1.45 mM < [Cl À ] o < 60 mM increases the macroscopic permeability (i.e., very likely, activates channels), the permeability decreases again with a further increase of [Cl À ] o (see Fig. 7C ). According to this interpretation, the saturation shown in Fig. 7B is accounted for by self-inhibition. Results of a more detailed study indicated that I À inhibits the anion conductance at much lower concentrations than Cl À and Br À [48] .
Patch-clamp studies of the voltage-controlled Cl
Patch-clamp studies have been carried out with isolated mr cells of the toad skin epithelium. With 100 AM amiloride and 5 mM Ba 2 + added to the bath, and 10 mM Cs + in the pipette-solution, whole-cell currents reversed at E Cl showing that with this protocol, the membrane current is carried by Cl À [35] . The conductance -voltage relationship of an isolated mr cell in whole-cell configuration is shown in Fig. 8A . The membrane's Cl À conductance increases with depolarizing voltage as would be expected if the voltageactivated Cl À channels are located in the apical membrane. 3 The chloride conductance is about half-maximally activated at a membrane potential of + 25 mV, that is, at this pipette potential, the open probability of gated channels is P O c 0.5, with the variance of stationary current fluctuations being maximal. In Fig. 8B are shown whole-cell currents recorded at three different pipette potentials, + 25 mV (Cl À conductance half-maximally activated), E Cl (no current flowing through Cl À channels), and À 75 mV (Cl À conductance deactivated), respectively. Activation of the steady-state Cl À current from À 90 pA ( À 75 mV) to 314 pA ( + 25 mV) was associated with a large increase in the variance of the current fluctuations about its stationary mean value from r 2 = 49 F 1 pA 2 (V P = À 75 mV) to r 2 = 889 F 10 pA 2 (V P = + 25 mV). The power density spectrum of current fluctuations recorded at V P = + 25 mV shown in Fig. 8C contains a single Lorentzian component,
, with S 0 = 11.7 F 0.5 pA 2 and f C = 41.3 F 2.7 Hz. The following set of equations governs the relationship 3 It is noted that transcellular hyperpolarisation results in a depolarisation of the apical membrane and a hyperpolarisation of the basolateral membrane. 
with G max = 90 F 2 nS, G min = 0.02 F 2.3 nS, V 0 = À 27 F 2 mV, DV = 18.3 F 2.6 mV, R 2 = 0.999, and errors given for each of the free parameters. The fit was obtained by the Simplex routine of Originn version 7. Note the similarity with the intact epithelium (Fig. 2) of the steady-state current -voltage relationship as well as of the conductance -voltage relationship (unpublished figure from Ref. [41] ).
between open channel probability ( P O ), single-channel current (i Cl ), single-channel conductance (c Cl ), macroscopic mean current (I Cl ), variance (r 2 ), and the parameters of the Lorentz spectrum (S 0 and f C ):
With the observed variables discussed above, the singlechannel conductance was estimated to be in the range of 150 -300 pS [35] . The interpretation of the analysis, however, is not straightforward. With a corner frequency of 40 Hz, the time constant of the above fluctuations is 4 ms, which is very fast as compared to the slow activation of transcellular Cl À currents (cf. Figs. 2, 4 and 5). Furthermore, the Cl À current rectification in whole-cell mode was nearly instantaneous, with only few cells exhibiting current activations with a long time constant, and still other cells exhibiting no voltage activation at all [35] . This might be interpreted to mean that we are dealing with two different processes, (i) a slow activation requiring an intact submembrane domain, which is vulnerable to the invasive whole-cell configuration, and (ii) stationary fluctuations due to spontaneous opening and shutting of channels residing in the membrane. Being no more than a speculative possibility at this stage of the analysis, the general conclusion is that the mechanism of the dynamic behaviour of the chloride current through the apical membrane of mr cells is poorly understood.
In a direct study, chloride channels of the apical membrane of mr cells have been resolved, and based upon the single-channel conductance and current-voltage relationships, several types of Cl À selective channels were identified [36] . Only a few percentage of the sealed patches displayed the predicted large-conductance voltage-activated Cl À channel, and one example is shown in Fig. 8D . I Cl = transcellular current at a transcellular electrical potential difference of À 100 mV (serosal side grounded). . 4 Noise analysis of voltage-activated channels is usually carried out by construction of Sigworth plots of current activations [49] . With a half time of current activation of 20 s, or more (Figs. 2 -4) , such an analysis would require reproducible membrane currents for a period of more than 40 min (20 records of at least 120 s each), which is not possible. Thus, it was attempted to carry out an analysis of stationary currents in whole-cell configuration, which turned out to be governed by much faster rate constants.
kinetically complicated channel rarely is resolved. Considering a fully activated conductance of 40 nS/cell (Figs. 4 and 5 and Table 1 ) and an apical membrane area of circa 4 Am 2 ( Fig. 1) , the specific cell conductance is about 1000 mS/cm 2 (disregarding microplicae). This estimate corresponds to more than 40 V-activated Cl À channels per square micrometers. A membrane with such a high density of channels is not easy to study at a single-channel level.
The receptor-activated Cl
À conductance of mr cells: CFTR
Selectivity and pharmacology of the isoproterenolactivated conductance
In the isolated epithelium treated with amiloride to eliminate the active Na + current, application of h-adrenergic agents, like isoproterenol, increased G Cl several fold, while the apical membrane of principal cells remained literally tight to Cl À [30] . Isoproterenol acts via a membrane-bound receptor that activates the adenylate cyclase leading to the formation of cyclic AMP (cAMP) from ATP. cAMP activates protein kinase A, which by phosphorylation, leads to activation of the G Cl . The cascade could also be initiated at the level of the adenylate cyclase (forskolin) or by directly adding a membrane permeating cAMP analogue (dibutyrylor 2-chlorophenylthio-cAMP) to the isolated epithelium [30,50 -52] . Fig. 9 shows the results from an experiment with an isolated epithelium mounted in an Ussing chamber and stimulated by isoproterenol. With the active transport of Na + eliminated and subepidermal glands absent, the conductance increased to about 10 times above its resting value, while the current (recorded at V = 0 mV) remained close to zero. Thus, unlike stimulation by this agonist of acinar cells of exocrine glands, in the absorbing skin epithelium, the activated conductance mediates a passive flux of Cl À through the responding cells, which were shown not to be the principal cells [30] . Substitution of external Cl À with other halide ions showed that both I À and Br À pass the activated conductance pathway (Fig. 9) . With this protocol, the following ranking of conductances was obtained [53] : tance with gluconate outside is not significantly different from the control conductance of the non-activated preparation ( G control À G gluconate = 87 F 65 AS/cm 2 , P = 0.21). This sequence of relative conductances is similar to that of human cystic fibrosis transmembrane conductance regulator (CFTR) heterologously expressed in Xenopus oocytes [54, 55] .
Like the CFTR-mediated apical chloride conductance of human epithelia, which is also under the control of h-adrenergic receptors, the agonist-activated Cl À conductance of the amphibian epithelium was stimulated by external application of 50 AM genistein (mean F S.E., number of preparations), G control = 194 F 38 AS/cm 2 ,
AS/cm 2 , n = 6 (for the genistein effect, P < 0.013, paired ttest). As further evidence for the functional expression of the amphibian CFTR gene, the activated Cl À conductance was slowly inhibited by adding 200 AM of the hCFTR-inhibitor glibenclamide to the serosal bath, G control = 271 F 40 AS/cm 2 ,
In a study of isolated epithelia of frogs (Rana temporaria, Rana esculenta) and toads (Bufo viridis, Bufo regularis), Nagel and Katz [56] showed that stimulation of an a 1 -adrenergic receptor inhibited the activated chloride conductance. They suggested that this receptor regulates the voltage-activated chloride conductance via the cytoplasmic [Ca 2 + ]. Thus, it appears that h-adrenergic as well as the a 1 -adrenergic receptor are expressed on the basolateral membrane of the mr cell type.
Single-channel studies
The apical plasma membrane of mr cells expresses a small conductance Cl À -specific channel, which occurred more frequently in cells pre-treated with forskolin as compared to non-treated control cells [36] . As an example, Fig. 10 shows currents recorded from an inside-out patch. With symmetrical [Cl À ], the currents reversed near 0 mV, that is, close to E Cl and far from the equilibrium potential of the major diffusible cation, E Na = À 79 mV. The slope of the That is, at this potential, the population of chloride channels would be expected to be half maximally activated. Recordings given in panels A, B, and C are modified from Ref. [35] , and that of panel D from Refs. [28, 36] . (Fig. 11B ) would indicate that this channel is the amphibian homologue of human CFTR, but-as explained in the text-the definitive electrophysiological proof was not obtained [28, 36] . Fig. 9 . Bioelectric response of the isolated epithelium to activation via h-adrenergic receptors of the putative toad bbCFTR. Initially, the isolated epithelium was exposed to NaCl -Ringer's on both sides under open circuit condition. Subsequently, the preparation was short-circuited for monitoring the active Na + current. Half an hour after mounting of the epithelium in the Ussing chamber, the external sodium ions were replaced by potassium ions, whereby the inward current dropped from 45 to 2.7 AA/cm 2 , which was associated with a conductance decrease from 790 to 260 AS/cm i Cl -V relationship corresponds to a conductance of 8.6 pS (c 125/125 = 7.1 F 0.5 pS, n = 11). Taken together, these observations would indicate that the channel is the toad's homologue of human CFTR. However, since the lifetime of patches containing this small-conductance channel was short, it was not possible to carry out halide selectivity studies. Nor was it possible to verify that the channel's activity depends on a combination of PKA phosphorylation of the R-domain and ATP hydrolysis at the NBD1 and NBD2 domains, which is the hallmark of hCFTR [57, 58] .
Molecular biology: expression and properties of a CFTR-channel protein
We therefore took a molecular biological approach for identifying the putative expression of CFTR in mr cells of B. bufo. RT-PCR on the skin epithelium with primers constructed from Xenopus leavis CFTR [59] gave a transcript of a size corresponding to the targeted region of the xCFTR gene [53] . With primers flanking three successive regions of the xCFTR cDNA (each of about 1500 bp length), full-length bbCFTR cDNA was cloned (GenBank AYO26761). Subsequent alignment of the derived protein with that of the cloned [60] hCFTR revealed an overall identity between Bufo and human CFTR of 89%. The two nucleotide binding domains (NBD1 and 2) are well conserved including identified Walker A and B motifs, ATP binding sites, and the ABC transporter signature of NBD1 [53] . As shown in Fig. 11A also, the R-domain of the cloned bbCFTR exhibits high degree of identity with that of other cloned vertebrate CFTR, which includes nine PKA-and seven PKC-consensus sites of this domain of the Bufo clone. Recently, it was discovered that xCFTR, unlike hCFTR, is equally well activated by PKC and PKA phosphorylation. Site-directed mutagenesis showed that the PKC consensus site at Thr 663 of xCFTR, that is, Thr 665 of hCFTR, is mandatory for this activation of the channel [61] . This site is preserved in bbCFTR and in the other cloned CFTR from lower vertebrates shown in Fig. 11A and indicated by the arrow with the sequences of Salmo and Fundulus taken from Refs. [62, 63] , respectively.
The cell type of the epithelium that expresses CFTR was localised by immunostaining with commercially available monoclonal antibodies raised against regions of the Cterminus and the R-domain of hCFTR, which are well preserved in bbCFTR [53] . Fig. 11B , left-hand panel, shows that the mr cells stain with this mixture of antibodies. No reaction is seen in principal cells, which do not display a cAMP-activated Cl À conductance [30] , nor are mr cells stained with only secondary antibody present (Fig. 11B , right-hand panel).
Cytochalasin D removes deactivation
In a study using confocal laser scanning microscopy with a fluorescent derivative of phalloidin, it was found that the mr cell contains actin filaments, but only in the apical pole and just below the outward-facing membrane [64] . The dynamic equilibrium between actin filaments and actin molecules is displaced by cytochalasins, which bind to one end of the filament. As a result, addition of actin molecules to that end is prevented, and in a short time, Factin is depolymerised. The results presented in Fig. 12 indicate that addition of cytochalasin D prevents deactivation of the Cl À conductance. In four experiments using this protocol, the maximally activated conductances (V = À 100 mV) were 2430 F 166 AS/cm 2 (control) and 2269 F 160 AS/ cm 2 (20 AM cytochalasin D), respectively. In a study on the regulation of membrane trafficking associated with proton secretion by oxyntic cells of the bullfrog gastric mucosa, it was indicated that cytochalasin besides inhibiting the secretory process also activates a paracellular conductance [65] . A similar effect on the paracellular pathway in this set of experiments on the toad skin epithelium is unlikely, as our study shows a small inhibition of the total conductance by cytochalasin, however, not statistically significant, DG = À 161 F 126 AS/cm 2 ( P = 0.46, paired two-tailed Student's t-test). Thus, it is indicated that the apically located actin molecules of the mr cells have to be assembled into filaments for the activated conductance to deactivate again. This working hypothesis is compatible with the notion forwarded above that processes in a submembrane domain participate in the control of the apical membrane's Cl À conductance. When the voltage-activated conductance of the mr cell is fully activated, application of cAMP does not lead to further activation of the chloride conductance [30] . As shown in Fig. 13A , stimulation by isoproterenol eliminated the voltage activation; however, the conductance at À 100 mV was similar to the fully voltage-activated conductance before activation via the h-adrenergic receptor (Fig. 13B,C) . In the presence of isoproterenol, with gluconate on the outside, the reversal potential of the transepithelial current -voltage relationship was shifted to À 50 mV (Fig. 13B) . Qualitatively, this can be accounted for by the receptor-activated chloride permeability of the mr cells, which conducts chloride also in the outward direction. Isoproterenol did not significantly affect the 'leak' conductance of the preparation as is seen from the G -V relationship of the preparation bathed on the outside with a chloride-free solution ('gluconate outside', Fig. 13C ). In our 1992 paper [30] , it was stated that cAMP treatment displaced the G -V relationship to the right along the V-axis as is seen also from Fig.  13C . Based upon the effect of cAMP on the voltageactivated chloride conductance [52] and a pharmacological study of the cAMP and voltage-activated chloride conductances [66] , Nagel et al. also suggested that it is the same Cl À pathway that is being regulated in two different ways. Our more recent studies would suggest that the voltage-and the receptor-controlled Cl À conductance are mediated via different populations of chloride channels in the apical membrane of the mr cell (cf. Figs. 8 and 10 ). Furthermore, as discussed above, the halide ion selectivity of the two pathways appears to be quite different with P Br >P Cl >P I for the voltage-activated pathway, and G Cl >G B HG I for the receptor-activated pathway. Although different methods were used for the selectivity studies, the findings mentioned would suggest that we are dealing with two different populations of chloride channels.
The voltage-and receptor-controlled Cl
Biological significance and concluding remarks
The mr cell of amphibian skin epithelium is differentiated as a highly specialised pathway for chloride uptake. Two types of apical Cl À pathways have been discussed above (see Fig. 14) .
(i) The conductance of one of the pathways is controlled by voltage and external chloride concentration in such a way that the channels open only if [Cl À ] o is in the millimolar range and if the electrical potential is of a polarity that secures an inwardly directed net flux of this ion. Macroscopic studies lead to the conclusion that the external regulatory binding site is highly specific for Cl À , whereas the anion selectivity of the conducting channel is poor. Reversible voltage activations of this conductance proceed with long time constants (10 s), which depend on the transepithelial potential difference, V, in such a way that the rate of conductance activation increases with increasing amplitude of V. Depolymerisation of apical F-actin by cytochalasin D removes the V-dependent deactivation of the conductance. The single-channel conductance has been estimated by noise analysis to be in the range of 150-300 pS. A channel of this size has been identified in the apical membrane of mr cells by patch clamping, but its biophysical properties have not been characterised at this level of resolution. The channel has not been cloned.
(ii) The other identified Cl À pathway of mr cells is regulated via h-adrenergic receptors. The selectivity, pharmacology, and receptor activation indicate that this conductive pathway is due to CFTR chloride channels in the apical plasma membrane. bbCFTR of toad skin epithelium has been cloned, and immunostaining has shown that the gene product is selectively expressed in mr cells. Singlechannel patch-clamp studies verified the expression of a small Cl À channel with a limiting conductance (120 mM [Cl À ]/120 mM [Cl À ]) of 7 pS in this membrane, but its regulation at the molecular level has not yet been studied in sufficient detail.
There are interactions between the two passive pathways in the sense that activation of the conductance via receptor stimulation with isoproterenol excludes further conductance activation by voltage clamping, and vice versa. The mechanism of this interaction is unknown. The large conductance Cl À channel, which by noise analysis was associated with the voltage-regulated pathway, exhibited substates in singlechannel recordings often with openings and closures in steps. Thus, this large conductance channel may be composed of small channels of concerted activity. Small and large conductance channels have been resolved in the same patch, but it is unknown whether they are related to one another.
The skin is also capable of active uptake of Cl À [67 -72] , which is of significance in freshwater of low [NaCl] concentration. Under this condition, and independent of the transepithelial potential difference, the voltage-and [Cl À ] o -controlled chloride conductance is inactivated. Since there is a net uptake of Cl À from freshwater [66] it would have to be assumed that the receptor-activated CFTR pathway is inactivated too. Our hypothesis of a HATPase-driven uptake of Cl À (Fig. 14) is not in conflict with the hypothesis forwarded by Harvey [73] , who assumed that the function of the apical H-ATPase is to hyperpolarize the apical membrane for driving Na + across the apical membrane. Both functions may be of significance.
Like the majority of other amphibians, the Bufonidae are dependent on freshwater during their brief breeding season, but otherwise, they are adapted to a terrestrial life with some species inhabiting estuarine waters with higher concentrations of salt (in which they also breed). The passive mechanisms for Cl À uptake by the skin are supposedly the result of an adaptation to osmoregulation in water with [NaCl]>2 -5 mM, where the thermodynamic work done in moving the two ions through the epithelium requires the activity of the Na,K-ATPase, only [28] . The function of the receptor-controlled CFTR chloride pathway is more difficult to comprehend. Toads that rehydrate from water pools or free water surfaces on land are capable of solute-coupled water uptake [74] , and take up water even if the external osmotic concentration is the same as that of the body fluids [75 -77] . One may speculate that the CFTR pathway is of significance under these conditions of solute-coupled water uptake. ] o , this channel is shut, and an active mechanism takes over the uptake of Cl À , which is driven by a proton ATPase in parallel with a Cl À /HCO 3 À exchanger. The active uptake of Cl À was studied in Refs. [67 -72] . The active uptake of Na + via an amiloride blockable apical sodium channel and a basolateral Na,K-ATPase was studied in Ref. [34] . c.s.: catalytic subunit of PKA; C.A.: carbonic anhydrase.
